The protein avidin found in egg white seems optimized for binding the small vitamin biotin as a stable homotetramer. Indeed, along with its streptavidin ortholog in the bacterium Streptomyces avidinii, this protein shows the strongest known noncovalent bond of a protein with a small ligand. A third known member of the avidin family, as similar to avidin as is streptavidin, is found at the C-terminal ends of the multidomain fibropellin proteins found in sea urchin. The fibropellins form a layer known as the apical lamina that surrounds the sea urchin embryo throughout development. Based upon the structure of avidin, we deduced a structural model for the avidin-like domain of the fibropellins and found that computational modeling predicts a lack of biotin binding and the preservation of tetramerization. To test this prediction we expressed and purified the fibropellin avidin-like domain and found it indeed to be a homotetramer incapable of binding biotin. Several lines of evidence suggest that the avidin-like domain causes the entire fibropellin protein to tetramerize. We suggest that the presence of the avidin-like domain serves a structural (tetrameric form) rather than functional (biotin-binding) role and may therefore be a molecular instance of exaptation-the modification of an existing function toward a new function. Finally, based upon the oligomerization of the avidin-like domain, we propose a model for the overall structure of the apical lamina.
The initial steps in the development of an embryo require an enclosure to keep the differentiating blastomeres together. In the sea urchin, Strongylocentrotus purpuratus, this enclosure, known as the hyaline layer, is secreted by the fertilized egg and tightly surrounds the embryo until metamorphosis (Cameron and Holland 1985; Spiegel et al. 1989; Burke et al. 1998) . The hyaline layer is a complex matrix that serves as a substrate to which cells can adhere to and migrate upon during specific periods of development. It is itself composed of distinct layers (Hall and Vacquier 1982) . In 1 M glycine solution, hyalin in the outer hyaline layer dissolves and leaves behind the apical lamina, which is a fibrous matrix composed predominantly of three glycoproteins, the fibropellins (Hall and Vacquier 1982) .
The fibropellins are mosaics of three domains: CUB (Bork and Beckmann 1993) , EGF (Hursh et al. 1987) , and surprisingly, an avidin-like domain (Hunt and Barker 1989) . They are present as two genes in the sea urchin genome, SpEGF I and SpEGF III (Bisgrove et al. 1991; Bisgrove and Raff 1993) . SpEGF I produces two splice variants, Ia and Ib (Bisgrove et al. 1991) . All three fibropellin proteins share the same domain architecture differing only in the number of EGF repeats. The domain motif is EGF|CUB|EGF [8, 13, or 21 repeats]|AVIDIN-LIKE (Fig. 1) . Avidin forms stable homotetramers, and is famous for "rapid and almost irreversible binding" of biotin and anything that may be attached to it (Green 1990 ). To date, this protein has only been observed in the Aves lineage (birds), the bacterium Streptomyces avidini, where it is known as streptavidin, and as a domain in the fibropellin proteins. The affinity of avidin and streptavidin for biotin has become an invaluable tool for biotechnology and is very well studied; however, the present work constitutes the first experimental study of the third member of the avidin family, the avidin-like domain of fibropellins, henceforth edin (Egf, aviDIN).
Results and Discussion

Computational analysis indicates that edin is a tetramer and does not bind biotin
Although sharing only 33% identity (46% similarity) at the protein sequence level, avidin and streptavidin have an identical ␤-barrel fold, with only a 1.15 Å root-mean-square deviation. Edin is 33% and 28% identical to avidin and streptavidin, respectively. Based upon the known X-ray structures of avidin, we have built a homology model of edin (Peitsch et al. 1995; Szustakowski and Weng 2000; Wang et al. 2000) . Figure 2A shows the multiple sequence alignment of avidin, streptavidin, and the edin domains of SpEGFI and SpEGFIII, constructed based upon the structural alignment of avidin and streptavidin. Edin I and III are 80% identical, and all residues discussed in this paper are conserved between the two.
Overall the biotin-binding pocket is well conserved among the three proteins, with 10 of the 16 key residues in avidin and streptavidin present in edin ( Fig. 2A) . Nonetheless, the sequence alignment indicates that edin cannot bind biotin. A key component of biotin binding is the set of four Trp residues that surround the ligand. Two of these Trps are absent in edin. One of them is found as Arg65, and is likely to form a salt bridge with Glu35. Glu35 is mutated from Thr38 in avidin where the residue is not involved in biotin binding ( Fig. 2A ). Arg65 and Glu35 sit at the lip of the binding site and the salt bridge could block the binding site for biotin (Fig. 2B) .
The absence of another key Trp residue in edin further suggests its lack of biotin binding function. Avidin and streptavidin benefit from tetramerization as each monomer aids in the biotin binding of another monomer by way of a surface loop containing a Trp (number 110 in avidin and 120 in streptavidin) which folds over the trapped biotin. Surprisingly, in edin this Trp is replaced by a Lys. The Lys points to a nonpolar region of biotin, thus making the burial of its charge extremely unfavorable. Laitinen et al. (1999) used this Lys substitution in edin as the conceptual model for mutating avidin and streptavidin. With this mutation, the biotin binding affinities of avidin and streptavidin decreased by seven orders of magnitude, and interestingly, both mutant proteins form stable dimers in solution (Laitinen et al. 1999) .
A molecular explanation for the oligomerization of edin can also be gleaned from the homology model (Guex and Peitsch 1997) using the crystal structure of avidin (Nardone et al. 1998) as the template, where the tetramer is a dimer of dimers. Energy calculations (Table 1) indicate that edin's monomer/monomer interface is predominately stabilized by desolvation energy, compared to that of avidin, which has both electrostatic and desolvation contributions. The overall interaction energy (sum of electrostatic and desolvation energies) for edin is considerably stronger than for avidin. The interaction between the dimers assumes different mechanisms between edin and avidin. Table 1 indicates that for avidin, there is almost no electrostatic contribution while desolvation is strong (−12.1 kcal/mol). In agreement with the findings by Laitinen et al. (1999) , this strong desolvation vanishes entirely upon the mutation of Trp110 to Lys (−0.9 kcal/mol), while electrostatic is almost unaffected. As a result, avidin with the Trp110 → Lys mutation is a dimer, instead of a tetramer. The dimer-dimer interaction for edin has unfavorable desolvation (8.5 kcal/mol). To partially account for the inaccuracy of the homology model, we used a side chain optimization algorithm SCWRL (Dunbrack and Cohen 1997) to search the side chain conformations in the dimer-dimer interface. The desolvation energy improved slightly to 6.3 kcal/mol. This is not surprising given Lys104 in edin (equivalent of Trp110 in avidin). Unlike avidin, however, the electrostatic is highly favorable at the dimer interface of edin (−14.4 kcal/mol). This indicates that edin is a tetramer, with charged residues forming a network of salt bridges that strengthens the tetramerization.
Experimental analyses indicate that edin is a tetramer that does not bind biotin
Construction, expression, and purification of edin
Beginning with a cDNA clone of the SpEGFIII gene, we subcloned a DNA fragment encoding edin, the avidin-like domain of the fibropellin protein that consists of residues V442 to A570 (Bisgrove and Raff 1993) into an expression vector pET3a. Edin was overexpressed in Escherichia coli BL21(DE3)(pLysS) using the T7 expression system (Studier et al. 1990) , in the form of insoluble inclusion bodies (Fig. 3) . The protein was folded in a buffer that contains L-arginine, and reduced and oxidized glutathione. Edin was purified to homogeneity by gel filtration chromatography (Fig. 4) , with a yield of approximately 20 mg/L of culture. When edin was folded in the presence of 10 M biotin, the yield increased by 30%. Purified edin remains stable in 20 mM TrisHCl (pH 8.0), 50 mM NaCl after storage at 4°C for over 1 mo.
Edin is a folded homotetramer
Circular dichroism (CD) spectra were used to provide information of edin's conformation in terms of secondary All energies are in kcal/mol. Electrostatic interaction energies (⌬E elec ) were computed using CHARMM (Brooks et al. 1983) , with a dielectric constant 4r (where r indicates the distance between two atoms). We use the Atomic Contact Energy (ACE) (Zhang et al. 1997 ) to estimate desolvation. The total desolvation score of a protein complex (⌬G desolv ) is simply the sum of the ACE scores of atom pairs within a distance cutoff of 6 Å . The energy values in parentheses for edin were computed after side chain conformational searches using SCWRL (Dunbrack and Cohen 1997) . We have extensively demonstrated the accuracies of these two energy terms in the context of protein docking Weng 2002, 2003; Chen et al. 2003a,b,c) . structures (Fig. 5 ). Edin folded with and without biotin have almost identical CD spectra. The CD spectra showed that edin had a minimum at 211 nm (−6344°cm 2 dmol −1 ), and crossover at about 199 nm and 223 nm, indicative of a ␤-sheet structure (Fig. 5) . The positive peak at about 191 nm and a negative peak at 211 nm also indicate a high degree of ␤-sheet content. These results demonstrate that edin is folded with a predominantly ␤-sheet structure, in agreement with the prediction of the secondary structure in Figure 2B and the homology modeling.
Applying FPLC gel filtration column, edin appeared as a well-defined peak with an apparent molecular weight of about 59.5 kDa (Fig. 4) . SDS-PAGE analysis showed that purified edin had a molecular weight of about 14.6 kDa (Fig. 3) . Purified edin was also verified by MALDI-TOF-MS. The mass of edin was 14,609 Da by singly charged molecular ion giving an error of −4 Da relative to the theoretical value of 14,613 Da. These results clearly indicate that edin is a homotetramer.
Edin does not bind biotin
Our computation analysis predicted that edin is not able to bind biotin. Experimentally, two methods were employed to test edin's biotin binding capability. In the first method, Ultrafree-MC centrifugal filtration units with a 10 kDa cutoff were used to separate the free 3 H-biotin from the 3 Hbiotin possibly complexed with edin. Approximately, 680 pmol of edin subunits was incubate with 740 pmol or 74 pmol of D-[8,9-3H]biotin for overnight at 4°C. No difference of radioactivity was observed between the starting mixture and the filtrate fraction, indicating that edin does not bind biotin. A titration technique was further used, in which a fixed 3 H-biotin concentration of 0.37 M or 0.74 M were mixed with edin at different concentrations ranging from 0.1-100 g (68 nM-68 M). The mixtures were incubated for overnight at 4°C. No biotin binding was observed with different edin concentrations. This confirms that edin does not bind biotin. In the second method, DispoEquilibrium Biodialyzers (10 kDa cutoff) were used. Approximately 340 pmol of subunits of edin in 50 L of PBS (pH 7.4) in one chamber was dialyzed against another chamber with about 370 pmol or 37 pmol of D-[8,9- . Edin is a tetramer. The molecular weight of edin was determined by FPLC gel filtration using a Pharmacia Superdex 75 HR 10/30 column. The column was calibrated with a gel filtration LMW calibration kit (Pharmacia). Edin shows a molecular weight of 59.5 kDa, indicating that edin is a tetramer. The inset shows that edin was observed as a well-defined peak. two chambers was observed. These results also indicate that edin does not bind biotin at the conditions tested.
A model of the fibropellin matrix in apical lamina
Although the present work is limited to the edin domain, it is reasonable to extrapolate that the edin causes the entire fibropellin protein to tetramerize. Several lines of arguments support this notion. First, we have shown by both computational and experimental analyses that edin forms a stable tetramer. In addition, the monomer-monomer interaction energy is much stronger than in avidin (Table 1) . Second, extracellular proteins are typically multimeric (Engel 1991 ). An example is the family of extracellular matrix proteins that might form trimeric or hexmaric molecules. Tenascins contain an oligomerization region made of heptad repeats that allow the formation of trimeric molecules that are stabilized by disulfide bonds (Engel and Kammerer 2000) . Third, the location of edin as the last domain of a large multidomain protein also suggests a role as an oligomerization interface.
Since the structures of homologs of the fibropellin components (CUB, EGF, and avidin) have been solved, a rough model for the entire protein can be proposed. We suggest a rod-like structure with edin at one end and the CUB domain at the other. This configuration assumes the structural independence of the composing domains. However, the functioning of the EGF domains as spacers has been long recognized (Appella et al. 1988; Engel 1989; Davis 1990 ) and is exemplified in such extracellular proteins as laminin, thrombospondin, and tenascin (Engel and Kammerer 2000) .
A second oligomerization property of the fibropellin may occur through the dimerization of CUB domains. A crystal structure of a dimer of two distinct CUB domains, PSP-I and PSP-II, is available (Romero et al. 1997) . Furthermore, the CUB domain's role in mediating a complex has been directly observed (Busby and Ingham 1990) .
Given these two oligomerization properties, the tetramerization of edin and the dimerization of the CUB domain, it is immediately clear how a matrix of fibropellins might emerge. A grid-like network can form where intersections are composed of an avidin-like tetramer and edges are formed by a CUB dimer (Fig. 6) . Such a network can become three dimensional when several layers are superimposed and some interprotein links connect between the layers at the expense of a perfect grid.
Concluding remarks
The present work represents the first study of the molecular properties of the avidin-like domain of the sea urchin fibropellin protein. Edin has been indirectly studied by Laitinen et al. (1999) , who used sequence comparisons between streptavidin/avidin and edin to direct a Trp → Lys mutation in avidin and streptavidin. The mutation caused a significant reduction in the biotin binding capability and resulted in avidin and streptavidin dimers as opposed to tetramers. Based on these results the authors predicted that edin is dimeric and it functions in fibropellin solely for its dimerization property. This notion is partly consistent with the results presented here. We have shown experimentally that edin possesses no ability to bind biotin and a computational modeling of the structure offers a molecular explanation.
Contrary to the prediction by Laitinen and colleagues, however, we have shown that edin forms a tetramer. Interestingly, both the monomer-monomer and the dimer-dimer interactions follow distinct mechanisms between edin and avidin. Several lines of evidence support the notion that the entire fibropellin protein tetramerizes. Thus, it is reasonably concluded that the avidin domain has been "exapted" (Gould and Vrba 1982 ) from a small (∼120 amino acid) single-domain protein that a binds biotin to an oligomerizing role as a domain in a large multidomain protein. Such a case highlights the context-dependence of the function of a domain in terms of the entire protein. Fibropellin's involvement in the formation of the fibrous meshwork can be further characterized if we could produce a complete fibropellin protein.
Materials and methods
Construction of expression vector
The SpEGF III cDNA clone (Bisgrove et al. 1991; Bisgrove and Raff 1993) in pBluescript (a kind gift from Dr. Rudolf Raff) was used as a starting material. The DNA encoding for the avidin-like domain, amino acid 420-570, was amplified with PCR. The PCR product was digested with NdeI and BamHI, purified, and cloned into the NdeI/BamHI-treated pET3a. The cloned DNA was sequenced and the resultant vector, pET3a-edin, was transformed into an E. coli strain BL21(DE3)(pLysS).
Expression of edin in E. coli
The E. coli strain BL21(DE3)(pLysS) carrying an expression vector, pET3a-edin, was grown at 37°C with shaking in Luria-Bertani Function of the fibropellin's avidin-like domain www.proteinscience.org 421 medium supplemented with 100 g/mL ampicillin and 25 g/mL chloramphenicol. When the OD 600 of the culture reached 0.5-0.6, isopropyl b-D-thiogalactopyranoside was added to a final concentration of 0.4 mM to induce the expression of the T7 RNA polymerase gene placed under the control of the lacUV5 promoter. Four hours after IPTG induction and incubation at 37°C with shaking, cells were harvested by centrifugation at 8000g for 10 min.
Isolation and purification of edin
Cell pellets were resuspended in 50 mM Tris-HCl (pH 8.0), 25% (W/V) sucrose, 1 mM EDTA, 0.1% (w/v) NaAzide, and 10 mM DTT. After the cells were treated with three cycles of freeze-thaw, the pellets were sonicated and centrifuged three times in 50 mM Tris-HCl (pH 8.0), 0.5% Triton-X100, 100 mM NaCl, 1 mM EDTA, 0.1% NaAzide, and 1 mM DTT. The same buffer without Triton-X100 was used for the final sonication and wash of the pellet. The insoluble inclusion bodies containing edin were solubilized in 8 M urea, 10 mM EDTA, and 0.1 mM DTT. The solubilized protein was mixed 1:1 with 3 M Guanidine HCl (pH 4.2), 10 mM NaAcetate, and 10 mM EDTA. The mixture was forcefully injected through a 26-gauge needle into a stirring folding buffer containing 400 mM L-Arginine, 100 mM TrisHCl (pH 8.0), and 2 mM EDTA, with (10 M) or without biotin. After incubation overnight at 4°C with stirring, the folding solution was centrifuged to remove insoluble material and concentrated with Millipore's Centriprep YM-10. Edin was purified by gel filtration chromatography with AKTA FPLC (Pharmacia).
Mass spectrometry
A sample of purified edin was analyzed by matrix-assisted laser desorption ionization-time of flight-mass spectrometry (MALDI-TOF-MS) using a Shimadzu/Kratos Axima CFR in linear mode. Best results were obtained with a matrix of ␣-cyano-4-hydroxycinnamic acid and a protein concentration of roughly 10 pmol/L. Lysozyme was used as an external calibrant. All masses were averages determined for smoothed data (20 point) (SavitskyGolay) for duplicate acquisitions.
Circular dichroic spectral measurements
Spectra of edin folded with or without the presence of biotin were recorded (Aviv 62DS spectrometer, 1-mm path length for far-UV spectra) at 4°C, using 15 M of edin in 10 mM PBS (pH 7.4). Data were averaged over 20 sec and collected using 1-nm intervals. CD spectra of edin were corrected by subtracting the buffer spectrum obtained under identical conditions.
Biotin binding ability of edin
Approximately 10 g of purified edin (about 680 pmol of subunits) was mixed in PBS (pH 7.4), with 740 pmol and 74 pmol of D- [8,9- 3 H]biotin (27 Ci/mmol) (Amersham) in a total volume of 100 L. After incubation at 4°C for overnight, the mixtures were loaded into Ultrafree-MC centrifugal filtration units (10 kDa cutoff) (Millipore), and centrifuged at 4°C at 5000g for 15 min. The amount of biotin in the starting mixture and the filtrate fraction were measured by liquid scintillation counting. The difference of radioactivity between the total biotin and the free biotin in the filtrate fraction was used for determining the biotin binding ability of edin. A titration assay was performed to determine the biotin binding ability of edin, in which a fixed amounts of D- [8,9- 3 H]biotin (27 Ci/mmole) (Amersham) with concentrations of 370 nM and 740 nM were mixed with different amounts of purified edin with concentrations ranging from 68 nM to 68 M of subunits in PBS (pH 7.4). After incubation at 4°C for overnight, the mixtures were loaded into Ultrafree-MC centrifugal filtration units (10 kDa cutoff) (Millipore) and centrifuged at 4°C at 5000g for 15 min. The amount of biotin in the starting mixture and the filtrate fraction were measured by liquid scintillation counting. The difference of radioactivity between the total biotin and the free biotin in the filtrate fraction was used for determining the biotin binding ability of edin.
Dispo-Equilibrium Biodialyzers (10 kDa cutoff) from Harvard Bioscience were also used for measuring biotin binding ability of edin. Approximately 5 g of edin (about 340 pmol of subunits) in 50 L of PBS (pH 7.4) was placed to one chamber of the dialyzer according to the manufacturer's instruction. About 370 pmol or 37 pmol of D- [8,9- 3 H]biotin (27 Ci/mmol) (Amersham) in 50 L of PBS was applied to another chamber. The dialyzers were incubated for 24 h at 4°C to reach equilibrium. The samples from both chambers were measured by liquid scintillation counting. The difference of radioactivity between two chambers was used for determining the biotin binding ability of edin.
Molecular weight of edin
The molecular weight of edin was determined by gel filtration using Superdex 75 HR 10/13 with Pharmacia's AKTA FPLC. The column was calibrated with a gel filtration LMW calibration kit (Pharmacia).
SDS-PAGE analysis
SDS-PAGE analysis was performed with 12% polyacrylamide gels. The samples were boiled for 5 min in the presence of 10 mM ␤-mercaptoethanol. Proteins were stained with Coomassie brilliant blue.
